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INTRODUCTION 
It is well known that the microstructure can affect a propagating ultrasonic beam. For example, the 
microstructure can backscatter energy, creating noise which masks signals from small flaws. In addition, a 
flaw signal can be attenuated by absorption and scattering of energy. These effects can have deleterious 
effects on flaw detection and characterization. In addition, due to the link between backscattered grain noise, 
attenuation and the microstructure, measurement of these ultrasonic quantities can be used as accurate 
materials characterization tools if appropriate models exist. For example, Han and Thompson [1] have 
modeled grain noise backscattered from elongated macrograins with duplex microstructures as is commonly 
found in titanium alloys, allowing the prediction of backscattered grain noise as a function offrequency. In 
principle, it should be possible to determine grain size and shape from an experimental measurement of 
backscattered grain noise using their theory. 
Theoretical models for attenuation have not reached the same level of capability for duplex 
microstructures. However, predictions for attenuation in materials consisting of equiaxed grains have been 
made successfully, notably by Papadakis [2], Goebbels [3], Stanke and Kino [4], and Hirsekorn [5]. For 
elongated grains, progress has been made by Ahmed and Thompson [6] and Munikoti [7] by extending the 
model of Stanke and Kino. However, their results were applied to single phase materials containing cubic 
crystallites. Currently there is not a model known to the authors for attenuation in materials with duplex 
structures. As part of our goal to extend Stanke and Kino's unified theory for attenuation to propagation in 
duplex titanium alloys with elongated macrograins, this paper presents theoretical results for attenuation in 
Ti-6AI-4V composed of randomly oriented, single phase, elongated grains using a qualitative ray model and a 
general theory based on the work of Stanke and Kino. Both the ray model and the general theory predict an 
attenuation vs frequency whose anisotropy qualitatively agrees with experimental measurements. 
PHYSICAL PICTURE FOR BACKSCATTERED GRAIN NOISE AND PHASE ABERRATIONS 
In addition to the classic effects of attenuation and backscattered grain noise that the microstructure and 
macrostructure have on a propagating beam, we have observed a number of additional unusual phenomena, 
including significant fluctuations of the amplitude and phase of back surface echoes and of the amplitude of 
pulse echo signals from nominally identical flaws [8]. Physically it is believed that these unusual phenomena 
stem from the interaction of the insonifying beam with local regions of varying velocity, which cause the 
propagating wavefront to develop phase aberrations. A signal appears to be attenuated upon reception by a 
piezoelectric transducer whose diameter is larger than the length scale of the fluctuations, presumably because 
the transducer has the effect of integration over the phase fluctuations [9]. While the phase distortions can 
produce a diminution of the back surface signal and thus a higher observed attenuation, relatively little energy 
is removed from the insonifying beam. Phase aberrations have been observed in a variety of material by 
several groups over the years [10,11]. Such phase aberrations can be viewed as the result of forward 
scattering. However, for semantic convenience, we will view them as distinct from scattering processes in 
which energy is removed from the beam. 
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Figure I Physical picture for backscattered grain noise and attenuation (a) and for phase aberrations (b) 
The effect that elongated grains have on backscattered grain noise and attenuation due to phase 
aberrations are schematically illustrated in Fig la and b. It has been observed [12] that propagating 
perpendicular to the elongation direction produces a large backscattered grain noise and propagating parallel 
to the elongation produces a low backscattered grain noise. These observations are consistent with the 
picture that backscattering increases as the scattering cross section increases. However, it has been found that 
attenuation has the opposite anisotropy. Propagation directions producing a high backscattered grain noise 
produce a low attenuation and vice versa. This relationship is in contrast with conventional thinking [3] 
where one expects that if backscattering is high then attenuation would also be high due to a large portion of 
energy being scattered out of the beam. The reason for this inconsistency is believed to be due the phase 
aberrations that develop as the ultrasonic beam propagates through a material with grains large relative to the 
wavelength. The longer the grain in the direction of propagation the more phase aberrations develop (see Fig. 
Ib). 
DESCRIPTION OF MACROSTRUCTURE AND MICROSTRUCTURE 
Thermomechanical working both above and below the beta transus (-I OOO°C) produced the complex, 
duplex structure shown in Fig. 2 for the Ti-6AI-4V sample used for the experimental measurements reported 
in this paper. Deformation above the beta transus produced the features which we interpret as elongated prior 
beta grains (BCC) on the order of many 1000's of ~m in length and hundreds of ~m wide. After a martensitic 
transformation, these beta grains were converted to colonies with correlated crystallographic orientations 
consisting of alpha grains (HCP) ranging from 10 11m to 100 11m in size as seen in Fig. 2b. This sample was 
cut from a Ti-6AI-4V billet and the designations, axial, radial, and hoop, refer to the directions of the billet. 
The micrographs in Fig. 2a were taken with crossed polarized light, and therefore, contrast is due to 
orientation differences between the alpha colonies which reflect that of the prior beta grains, thus each shaded 
region has a similar orientation. There is elongation of the prior beta grains on the order of a many 
millimeters in the axial direction, as seen in the micrographs of sections perpendicular to the hoop and radial 
directions (left and right face of Fig. 2a). Interestingly, and related to the complex processing of this 
particular billet, is the fact that there is also elongation in the hoop direction, as seen in the micrograph of the 
section perpendicular to the axial direction (top face of Fig. 2a). This secondary elongation of prior beta 
grains likely occurred as the billet was rolled from a square cross-section to a rectangular cross-section above 
the beta transus. This operation is sometimes used in automotive components, but is atypical for titanium 
billets used for rotating aircraft engine components. Thus in addition to elongation of prior beta grains in the 
axial direction we observe secondary elongation to a lesser degree in the hoop direction. The micrographs 
shown in Fig. 2 reveals the duplex character of these alloys. There is long range correlation of orientations 
over millimeters or more, within a given prior beta grain, containing colonies which are composed of 
individual alpha grains with length scales less than 100 ~m's. 
OUTLINE OF PAPER 
This paper presents two models for the phase aberration contributions to attenuation. The first uses Auld's 
reciprocity relationship [I3] to predict the amplitude of a back surface echo from which attenuation would be 
deduced. Ray theory is used to describe the propagation of the beam. The goal of this model was to 
elucidate a physical picture for the underlying physics producing phase aberrations. 
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Figure 2 Macrostructure (a) and microstructure (b) of Ti-6AI-4 V sample cut from a billet. 
The second model is an extension of Stanke and Kino's unified theory (4) where we have represented the 
macrograins as ellipsoids with three different semi-axes. This was undertaken to give a more general theory 
that allows for texture and, in principle, for duplex microstructures to be incorporated. It also includes the 
effects of diffraction that are neglected in the ray model. 
In the remainder of the paper we will outline the qualitative ray model and the general theory. Numerical 
prediction of the attenuation will be made and compared with experimental measurements. We will then end 
with conclusions and a discussion of future work. 
QUALITATIVE RAY MODEL AND RESULTS 
The mechanism of the phase aberration contributions to attenuation were investigated in two steps. First, 
a simple one dimensional model was considered to determine the type of approximation required to 
satisfactorily describe the contributions of phase aberrations to attenuation. The configuration is shown in 
Fig. 3, where a single macrograin is simulated as region "2", whose acoustic properties, in this case velocity, 
differ from those of the surrounding layers (host medium, denoted by region "0"). The goal was to predict 
the dependence of the back surface echo on these properties. Auld's reciprocity relationship gives a result for 
or = r2 - rJ, defined as the change in the ultrasonic signal due to the scatterer (macrograin), where r l is the 
response in the absence of the scatterer (i.e. the properties of regions "2" and "0" are taken to be identical) 
and r 2 is the response in the presence of the scatterer. In the general three dimensional form , the result is 
given by the following equation. 
1 f(- - - -) ~ 2 Dr=- v·r -V .T. ·nd r 4P I 2 2 I 
AI 
(I) 
Here VI and f. are the ultrasonic velocity and stress fields in the host medium in the absence of the 
macrograin, and \12 and i; are ultrasonic velocity and stress fields in the presence of the macrograin, P is 
the power of the electrical signal exciting the transducer, and ii is the inward normal of the closed surface 
(Ar) surrounding the scatterer. For the particular case in Fig. 3, the I-D version of Auld's reciprocity 
relationship for longitudinal wave illumination is applicable and is given by the equation below, where the 
length of the macrograin is given by (b-a). 
b 
(2) 
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Figure 3 One dimensional configuration for theoretical treatment, the macrograin is region "2". 
Here (PIA) is the electrical power delivered to the transducer per unit area and the components of the velocity 
and stress fields are parallel to the direction of propagation (z-direction). 
The exact solution to the above equation for the change in the backsurface echo due to the existence of the 
macrograin is given by the following equation. 
(3) 
Here Zo= pVo is defined as the acoustic impedance in region "0", where po and Vo are the density and 
velocity in region "0", OJ is the radial frequency, Uo is the initial wave displacement, ko and k2 are the wave 
vectors in the host material regions "0" and the macrograin, region "2" respectively, f is the length of the 
sample, d is the thickness of the macrograin, and T02, T 20 and R,1I are the plane wave displacement 
transmission and reflection coefficients, with "I" designating water. One can see that the effects due to the 
macrograin (region 2) enter both in the factor T202 T220 and in the exponential. The latter phase shift 
increases with the thickness of the macrograin. 
This formalism predicts a phase shift due to the presence of the macrograin as expected from the physical 
picture, previous experimental work by Panetta et al. [9], and previous theoretical work performed by 
Margetan et al. [14]. 
To determine if the Born approximation (weak scattering) can be employed, which would provide an 
easier basis for generalization, we start again with equation I, reduce it to the one dimensional volume form, 
and then employ the Born approximation. We find the expression for the backsurface echo, 8r, reduces to 
the following equation. 
8r = - Zo{J/U~ 2~V R ik de-2iko' 
2P v: 2 01 0 
o 
(4) 
The result for 8r is linear in thickness of macrograin (d) indicating that the Born approximation does not 
predict the accumulation of extra phase terms as the beam propagates through the material. It is for this 
reason that the Born approximation is not appropriate for the multiple forward scattering that produces phase 
aberrations. 
To test the ability of this ray theory to predict typical observations of the phase aberration contributions 
to attenuation, we next allowed the sample to consist entirely of macrograins simulated as rectangular 
parallelepipeds in three dimensions as shown in Fig. 4. Here we assume that there are N layers of grains, with 
M columns of grains being illuminated by the beam. Under the assumptions of ray theory, we can compute 
the contributions of each column of grains to the back surface signal independently. 
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Figure 4 Illustration of the three dimensional sample filled with macrograins. 
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For each column of grains, the accumulation of additional phases alter the exponential as shown in the 
following equation, which is a generalization of equation 3. 
N V -v. 
2 2 -4TriLe 4lrifd L ~ ~"E.w'" = _ ZOCO Uo rr2T2R v,. j=1 Vijv" 
Ul. .102 20 Ole e 
2P (5) 
The change n the total back surface signal is then given by: 
M 
~Exacl ~ or 
Ul Total - L. ; (6) 
;=1 
Attenuation was calculated from the equation below which is the result of dividing equation 6 by a theoretical 
reference signal, and then assuming that the resulting ratio is governed by an exponential decay (e -2a(j)'), 
where a(f) is the frequency dependant attenuation coefficient and f. is the thickness of the sample. 
a(f)=.J..- LOg[ ;V~l (7) U 4l1ifdL~ 
e }-I V'IV" 
Using equation 7 above, we calculated attenuation as a function of frequency for realistic macrograin 
dimensions of 400 11m x 1500 11m x 12,500 J.lffi (a x b x c), simulating a laboratory attenuation measurement 
by assuming a finite transducer 2 cm in diameter. The velocities were randomly assigned to the individual 
grains according to a uniform distribution between ± 3% of Yo. This was chosen to simulate the effects of 
single crystal anisotropy (6% in longitudinal velocity for pure titanium) and random crystallite orientation, 
and the attenuation was averaged over 200 sets of such selections for a sample 12.5 cm in length. Theoretical 
calculations of attenuation from equation 7 are shown in Fig. 5a where attenuation vs. frequency is plotted for 
propagation in three orthogonal direction, parallel to each major axis of the elongated macrograin. 
Experimental attenuation for our sample of Ti-6AI-4V are shown in Fig. 5b for comparison. The 
experimental data was taken in a pulse echo configuration using a reference signal to remove the effects of the 
experimental apparatus, with compensation being made for diffraction. A detailed discussion of this 
technique is given in a previous publication. [9] It is significant that the anisotropy is correctly predicted, 
indicating that the beam becomes more out of phase as it propagates through longer grains, as illustrated in 
Fig. I b. This prediction is consistent with our hypothesis that phase aberrations make a major contribution to 
the pulse echo attenuation measured in these alloys. However, despite this success, it is difficult to generalize 
this ray model to duplex microstructures and it does not include the effects of texture or diffraction. 
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Figure 5 Attenuation vs. frequency (a) calculated from equation 7 and (b) experimental measurements in Ti-
6AI-4V, for propagation parallel c (axial), parallel a (hoop), and parallel b (radial) directions. 
QUANTITATIVE THEORY AND RESULTS 
To have the ability to account for important microstructural characteristics, such as texture and the 
duplex structure, we are examining the unified theory of Stanke and Kino [4) to consider the effects of 
ellipsoidal grains on the attenuation. Calculations were performed for propagation parallel to each of the 
three semi-axes. The attenuation is calculated for L-waves by solving the wave equation in the form of a 
generalized Christoffel equation after Ahmed and Thompson[6) 
(8) 
where the Christoffel tensor is a frequency dependent quantity given by 
r .. = {C>e(8'ikJ)+e2 [(Aia,88,aJ)-(8ija,8)(8,aJ)Y. Gay (slW(s)e ..... ']116 dv}fil (9) 
where C"jjkl is the average elastic stiffness tensor of the untextured medium (Voigt average), 
ro\kl(r) = C~jjkl(r) - cOjjkl is the perturbation from the average value, due to crystallite anisotropy of the elastic 
stiffness in a particular member of the ensemble from the average value, < ... > denotes an ensemble average, 
Gay en is a Green's function, and W(s) is the geometrical auto correlation function which mathematically 
accounts for the elongated grains, assumed to have the form 
(10) 
where a, b, and c are the semi-axes in the x, y, and z directions (see inset of Fig. 6a). W(s) may be thought 
of as describing the probability that two points fall in the same grain. We calculate the attenuation for L-
waves propagating parallel to each semi-axes and solve equation 8 numerically for the propagation constant, 
k = kreal - i attenuation, using an IMSL minimization routine. Attenuation is thus determined for a given 
frequency, material, grain semi-axes (a, b, and c), and propagation direction. We have chosen the texture free 
case which simplifies the Christoffel tensor to 
(II) 
As stated previously, the duplex nature of Ti-6AI-4V does not explicitly enter into the current 
formulation of the theory. However, due to the orientation relationship between the colonies and macrograins 
caused during the martensitic transformation from BCC phase prior beta grains to colonies of single alpha 
phase HCP crystals, and the assumption that each colony orientation occurs with an equal probability, the 
prior beta grain is described, on the average, by elastic constants that have cubic symmetry. This is believed 
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Figure 6 Attenuation vs frequency predicted from quantitative theory for propagation parallel to a, b, and c. 
to be an appropriate approximation when the wavelength is large with respect to the colonies and the possible 
colony orientations occur with equal probability. The resulting elastic constant are C II = 156.935 (GPa), 
C I2 = 73.354 (GPa), and C44 = 42.801 (GPa), with density = 4.43 g/cm3 [11. Thus we apply the theory to a 
material consisting of a single phase of large macrograins with cubic symmetry (without texture) to determine 
the appropriateness of using this theory to describe the phase aberration contributions to attenuation. 
We have chosen the macrograin to have semi-axes of 400 ~m x 1500 ~m x 12,500 ~m and considered 
waves propagating parallel to each semi-axes (a, b, and c). The results are shown in Fig. 6a, where we have 
plotted attenuation vs. frequency, as predicted from the theory. It is significant that the anisotropy of the 
attenuation is correctly predicted. However, the numerical agreement is not good, with the theoretical 
predictions being significantly lower that the experimental observations. 
We believe that there are three possible causes for this poor numerical agreement. First, the duplex 
microstructure is not built into the model. Second, the wavelength (A.- 0.1 cm at 5 MHz) is not small with 
respect to the macrograin dimensions. Third, it is quite possible that colony orientations occur with non-
equal probabilities, which would cause the effective elastic anisotropy of the macrograins to be larger than 
implied by the elastic constants used in the calculation and given in the previous paragraph. Nevertheless, the 
fact that the predicted attenuation anisotropy agrees with the experimental results encourages us to pursue the 
further development of this theory. 
CONCLUSIONS AND FUTURE WORK 
The ray model qualitatively agrees with the anisotropy in experimental data and gives a good physical 
picture for the cause of phase aberrations. The general theory also agrees qualitatively with the anisotropy in 
experimental data, indicating that the theory potentially contains the appropriate multiple scattering terms 
which account for phase aberrations. The theory includes contributions from phase aberrations and classic 
scattering and when the wavelength « the grain semi-axes, the phase aberration contributions dominates. 
Future work includes adding texture and the duplex nature of the microstructure to the theory and obtaining 
an analytic form for attenuation in the Rayleigh regime, as well as further experimental efforts to test the 
theory. 
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